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(57) ABSTRACT

A photoconductive antenna 1s adapted to generate terahertz
waves when irradiated by pulsed light. The photoconductive
antenna includes first and second conductive layers, a semi-
conductor layer, and first and second electrodes. The semi-
conductor layer 1s made of a semiconductor material having a
carrier density that 1s lower than a carrier density of the
semiconductor material of the first conductive layer or the
second conductive layer. The first and second electrodes are
clectrically connected to the first and second conductive lay-
ers, respectively. The semiconductor layer includes an 1nci-
dence surface through which the pulsed light enters the semi-
conductor layer, and an emission surface from which the
terahertz waves are emitted. The mncidence surface 1s posi-
tioned 1n a side surface of the semiconductor layer having a
normal direction extending orthogonal to a lamination direc-

tion, and the emission surface 1s positioned in the side surface
at a position different from the incidence surface.

31 Claims, 14 Drawing Sheets
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PHOTOCONDUCTIVE ANTENNA,
TERAHERTZ WAVE GENERATING DEVICE,
CAMERA, IMAGING DEVICE, AND
MEASURING DEVICE

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application claims priority to Japanese Patent Appli-
cation No. 2011-290068 filed on Dec. 28, 2011. The entire
disclosure of Japanese Patent Application No. 2011-290068
1s hereby incorporated herein by reference.

BACKGROUND

1. Technical Field

The present invention relates to a photoconductive
antenna, a terahertz wave generating device, a camera, an
imaging device, and a measuring device.

2. Related Art

In recent years, attention has been devoted to terahertz
waves, which are electromagnetic waves with frequencies of
100 GHz or greater and 30 THz or less. Terahertz waves can
be used 1n various forms of measurement and non-destructive
testing such as 1maging and spectrometry.

The terahertz wave generating device that generates these
terahertz waves has a light source device that generates light
pulses (pulsed light) having pulse widths at the approxi-
mately sub picosecond level (several hundred femtoseconds)
and a photoconductive antenna that generates terahertz waves
by 1rradiating light pulses generated by the light pulse gen-
erator.

As the photoconductive antenna, for example, disclosed 1n
Japanese Laid-Open Patent Application Publication No.
2007-300022 1s a terahertz wave generating device (photo-
conductive antenna) having a laminated body (pin structure)
for which an n type semiconductor layer, an 1 type semicon-
ductor layer, and a p type semiconductor layer are laminated
in that order. With thus photoconductive antenna, when light
pulses are 1rradiated on the p type semiconductor layer via an
aperture formed on an electrode provided on the p type semi-
conductor layer, terahertz waves are emitted radially from the
entire side surface of the 1 type semiconductor layer.

With the photoconductive antenna noted in the above men-
tioned publication, for a dipole shaped photoconductive
antenna (PCA) using a low temperature growth GaAs (LT-
(GaAs) substrate, 1t 1s possible to make the mtensity of the
generated terahertz waves approximately 10 times larger.

However, with the photoconductive antenna noted in the
above mentioned publication, light pulses are irradiated on
the p type semiconductor layer, and the light pulses that pass
through that p type semiconductor layer are made incident on
the 1 type semiconductor layer, so a portion of the light pulses
are absorbed by the p type semiconductor layer, and because
of that, there 1s the problem that the terahertz wave generating
elficiency decreases.

SUMMARY

An object of the present invention 1s to provide a photo-
conductive antenna, a terahertz wave generating device, a
camera, an 1maging device, and a measuring device capable
of generating terahertz waves with better efficiency than the
prior art.
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2

This kind of object 1s achieved by the present invention
noted hereatter.

A photoconductive antenna according to one aspect of the
present invention 1s adapted to generate terahertz waves when
irradiated by pulsed light. The photoconductive antenna
includes a first conductive layer, a second conductive layer, a
semiconductor layer, a first electrode and a second electrode.
The first conductive layer 1s made of a semiconductor mate-
rial containing a first conductive type impurity. The second
conductive layer 1s made of a semiconductor material con-
taining a second conductive type impurity different from the
first conductive type impurity. The semiconductor layer 1s
positioned between the first conductive layer and the second
conductive layer, and made of a semiconductor material hav-
ing a carrier density that 1s lower than a carrier density of the
semiconductor material of the first conductive layer or a car-
rier density of the semiconductor material of the second con-
ductive layer. The first electrode 1s electrically connected to
the first conductive layer. The second electrode 1s electrically
connected to the second conductive layer. The semiconductor
layer includes an incidence surface through which the pulsed
light enters the semiconductor layer, and an emission surface
from which the terahertz waves are emitted. The incidence
surface 1s positioned 1n a side surface of the semiconductor
layer having a normal direction extending orthogonal to a
lamination direction of the first conductive layer, the semi-
conductor layer, and the second conductive layer, and the
emission surface 1s positioned 1n the side surface of the semi-
conductor layer at a position different from the incidence
surtace.

With this configuration, the light pulses (pulsed light) are
made 1ncident to the semiconductor directly without going
via the semiconductor layer containing a first impurity or the
semiconductor layer containing a second impurity, so 1t 1s
possible to prevent absorption of the light pulses by the semi-
conductor layer containing a first impurity or the semicon-
ductor layer containing a second impurity, making it possible
to generate terahertz waves efficiently.

Also, 1t 1s possible to manufacture the terahertz wave gen-
erating device by forming the photoconductive antenna and
the light source for generating light pulses on a substrate as an
integrated unit with that substrate, and with this configura-
tion, 1t 1s possible to make the terahertz wave generating
device more compact. Also, 1t 1s possible to perform align-
ment of the light source and the photoconductive antenna
when forming that light source and photoconductive antenna
on the substrate, and with this configuration, 1t 1s possible to
manuiacture the terahertz wave generating device easily.

With the photoconductive antenna according to the above
described aspect of the present invention, the semiconductor
layer preferably has an elongated shape in which a direction
from the 1ncidence surface toward the emission surface is a
lengthwise direction as viewed along the lamination direc-
tion.

With this configuration, using the semiconductor layer, 1t 1s
possible to lead the terahertz waves along the lengthwise
direction of that semiconductor layer. Therefore, 1t 1s possible
to generate terahertz waves with directionality.

With the photoconductive antenna according to the above
described aspect of the present invention, a width of a part of
the semiconductor layer as viewed along the lamination
direction preferably increases in a direction from the 1nci-
C
C

ence surface toward the emission surface, the width being
efined 1n a direction orthogonal to the direction from the
incidence surface toward the emission surface.

With this configuration, it 1s possible for terahertz waves to
be led efficiently by the semiconductor layer.
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With the photoconductive antenna according to the above
described aspect of the present invention, the second conduc-
tive layer 1s preferably provided only on a portion of the
semiconductor layer, and a side surface of the second con-
ductive layer having a normal direction extending orthogonal
to the lamination direction 1s flush with the incidence surface
of the semiconductor layer.

With this configuration, terahertz waves are generated only
on a portion of the incidence surface side of the semiconduc-
tor layer, so 1t 1s possible to suppress interference between
terahertz waves within the semiconductor layer.

The photoconductive antenna according to the above
described aspect of the present invention preferably further
includes a covering layer covering the side surface of the
semiconductor layer.

With this configuration, it 1s possible to prevent corrosion
of the semiconductor layer.

With the photoconductive antenna according to the above
described aspect of the present invention, a relative dielectric
constant of a material of the covering layer provided on the
emission surface 1s preferably higher than a relative dielectric
constant of the semiconductor material of the semiconductor
layer.

The terahertz waves have the physical property of trying to
advance 1n a material with a higher dielectric constant. There-
fore, 1t 1s possible to reliably emit terahertz waves generated
by the semiconductor layer from the emission surface of that
semiconductor layer.

With the photoconductive antenna according to the above
described aspect of the present invention, the semiconductor
material of the semiconductor layer 1s preferably a III-V
compound.

With this configuration, 1t 1s possible to generate high
intensity terahertz waves.

A terahertz wave generating device according to another
aspect of the present mvention includes a photoconductive
antenna according to above described aspects of the present
invention, and a light source configured and arranged to gen-
erate the pulsed light.

With this configuration, it 1s possible to provide a terahertz
wave generating device having the effects of the present
invention.

The terahertz wave generating device according to the
above described aspect of the present mvention preferably
turther includes a substrate, and the light source and the
photoconductive antenna are preferably formed on the sub-
strate as an integrated unit with the substrate

With this configuration, 1t 1s possible to make the terahertz
wave generating device smaller. Also, 1t 1s possible to perform
alignment of the light source and the photoconductive
antenna when forming that light source and the photoconduc-
tive antenna on the substrate, and with this configuration, 1t 1s
possible to easily manufacture the terahertz wave generating,
device.

A camera according to another aspect of the present inven-
tion includes a photoconductive antenna according to the
above described aspects of the present invention, a light
source configured and arranged to generate the pulsed light,
and a terahertz wave detecting unit configured and arranged
to detect the terahertz waves emitted from the photoconduc-
tive antenna and reflected by an object.

With this configuration, 1t 1s possible to provide a camera
having the effects of the invention.

An 1maging device according to another aspect of the
present 1nvention includes a photoconductive antenna
according to the above described aspects of the present inven-
tion, a light source configured and arranged to generate the

10

15

20

25

30

35

40

45

50

55

60

65

4

pulsed light, a terahertz wave detecting unit configured and
arranged to detect the terahertz waves emitted from the pho-
toconductive antenna and transmitted through an object or
reflected by the object, and an image forming unit configured
and arranged to generate an 1mage of the object based on
detection results of the terahertz wave detecting unit.

With this configuration, 1t 1s possible to provide an imaging,
device having the effects of the present invention.

A measuring device according to another aspect of the
present invention 1ncludes a photoconductive antenna
according to the above described aspects of the present inven-
tion, a light source configured and arranged to generate the
pulsed light, a terahertz wave detecting unit configured and
arranged to detect the terahertz waves emitted from the pho-
toconductive antenna and transmitted through an object or
reflected by the object, and a measuring unit configured and
arranged to measure the object based on detection results of
the terahertz wave detecting unat.

With this configuration, 1t 1s possible to provide a measur-
ing device having the effects of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the attached drawings which form a part
of this original disclosure:

FIG. 1 1s a drawing showing a first embodiment of the
terahertz wave generating device of the present invention as
taken along a line S-S 1n FIG. 2.

FIG. 2 1s a plan view of the photoconductive antenna of the
terahertz wave generating device shown 1n FIG. 1.

FIG. 3 1s a cross section perspective view of the light source
device of the terahertz wave generating device shown in FIG.
1.

FIG. 4 15 a cross section view as taken along a line A-A 1n
FIG. 3.

FIG. 5 1s a cross section view as taken along a line B-B 1n
FIG. 3.

FIGS. 6A to 6E are plan views showing another constitu-
tional example of the 1 type semiconductor layer of the pho-
toconductive antenna of the terahertz wave generating device
shown 1n FIG. 1.

FIG. 7 1s a drawing showing a second embodiment of the
terahertz wave generating device of the present invention.

FIG. 8 1s a drawing showing a third embodiment of the
terahertz wave generating device of the present invention.

FIG. 9 1s a drawing showing a fourth embodiment of the
terahertz wave generating device of the present invention.

FIG. 10 1s a cross section view showing a fifth embodiment
of the terahertz wave generating device of the present mnven-
tion.

FIG. 11 1s a block diagram showing an embodiment of the
imaging device of the present invention.

FIG. 12 1s a plan view showing the terahertz wave detecting,
unit of the imaging device shown 1n FIG. 11.

FIG. 13 1s a graph showing the spectrum 1in the terahertz
band of the object.

FIG. 14 1s a drawing of the image showing the distribution
of substances A, B, and C of the object.

FIG. 15 15 a block diagram showing an embodiment of the
measuring device of the present invention.

FIG. 16 15 a block diagram showing an embodiment of the
camera of the present invention.

FIG. 17 1s a perspective view showing an embodiment of
the camera of the present invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Following, a detailed description of the photoconductive
antenna, the terahertz wave generating device, the camera, the
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imaging device, and the measuring device of the present
invention will be provided based on preferred embodiments
shown 1n the attached drawings.

First Embodiment

FIG. 1 1s a drawing showing an embodiment of the tera-
hertz wave generating device of the present invention. With
this FIG. 1, across section view of line S-S 1n FIG. 2 1s shown
for the photoconductive antenna, and a block diagram 1is
shown for the light source device. FIG. 2 1s a plan view of the
photoconductive antenna of the terahertz wave generating
device shown 1n FIG. 1. FIG. 3 1s a cross section perspective
view of the light source device of the terahertz wave gener-

ating device shown 1n FIG. 1. FIG. 4 1s a cross section view of
line A-A 1n FIG. 3. FIG. 5 1s a cross section view of line B-B

in FI1G. 3. FIG. 615 a plan view showing another constitutional
example of the 1 type semiconductor layer of the photocon-
ductive antenna of the terahertz wave generating device

shown 1n FIG. 1. Note that hereafter, in FIG. 1 and FIG. 3 to

FIG. 5, the upper side will be described as “upper” and the
lower side will be described as “lower.”

As shown 1n FIG. 1, the terahertz wave generating device 1
has a light source device 3 that generates light pulses (pulsed
light) which 1s excitation light, and a photoconductive
antenna 2 for generating terahertz waves by 1rradiating light
pulses generated by the light source device 3. A terahertz
wave means an electromagnetic wave for which the fre-
quency 1s 100 GHz or greater and 30 THz or less, and par-
ticularly an electromagnetic wave of 300 GHz or greater and
3 THz or less.

As shown 1n FIG. 3 to FIG. 5, with this embodiment, the
light source device 3 has a light pulse generator 4 that gener-
ates light pulses, a first pulse compressor 5 that performs
pulse compression on light pulses generated by the light pulse
generator 4, a second pulse compressor 7 that performs pulse
compression on light pulses for which pulse compression was
done by the first pulse compressor 3, and an amplifier 6 that
amplifies the light pulses.

The amplifier 6 can be provided at the front stage of the first
pulse compressor 5, or between the first pulse compressor 5
and the second pulse compressor 7, but with the configuration
in the drawing, the amplifier 6 1s provided between the first
pulse compressor 5 and the second pulse compressor 7. With
this configuration, the light pulses which underwent pulse
compression by the first pulse compressor 3 are amplified by
the amplifier 6, and the light pulses amplified by the amplifier
6 undergo pulse compression by the second pulse compressor
7.

Also, the pulse width (half-value width) of the light pulses
emitted from the light source device 3 1s not particularly
restricted, but 1s preferably 1 femtosecond or greater and 800
femtoseconds or less, and more preferably 10 femtoseconds
or greater and 200 femtoseconds or less.

Also, the frequency of the light pulses emitted from the
light source device 3 1s set to the same or greater frequency
corresponding to the band gap of the 1 type semiconductor
layer 24 of the photoconductive antenna 2 described later.

Also, the light pulse generator 4 can use a so-called semi-
conductor laser such as a DBR laser, DFB laser, mode locked
laser or the like, for example. The pulse width of the light
pulses generated by this light pulse generator 4 1s not particu-
larly restricted, but is preferably 1 picosecond or greater and
100 picoseconds or less.

Also, the first pulse compressor 3 performs pulse compres-
sion based on saturable absorption. Specifically, the first
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6

pulse compressor 5 has a saturable absorber, and using that
saturable absorber, light pulses are compressed and pulse
width 1s decreased.

Also, the second pulse compressor 7 performs pulse com-
pression based on group velocity dispersion compensation.
Specifically, the second pulse compressor 7 has a group
velocity dispersion compensation medium, and with this
embodiment a coupled waveguide structure, and using that
coupled waveguide structure, light pulses are compressed and
pulse width 1s decreased.

Also, the light pulse generator 4 of the light source device
3, the first pulse compressor 5, the amplifier 6, and the second
pulse compressor 7 are made into an integral unit, specifi-
cally, integrated on the same substrate.

In specific terms, the light source device 3 has a substrate
31 which 1s a semiconductor substrate, a cladding layer 32
which 1s provided on the substrate 31, an active layer 33
which 1s provided on the cladding layer 32, a waveguide
structure processing etching stop layer 34 provided on the
active layer 33, a cladding layer 35 provided on the
waveguide structure processing etching stop layer 34, a con-
tact layer 36 provided on the cladding layer 35, an 1nsulation
layer 37 provided on the waveguide structure processing
ctching stop layer 34, a cladding layer 32 side electrode 38
provided on the surface of the substrate 31, and cladding layer
335 side electrodes 391, 392, 393, 394, and 395 provided on
the contact layer 36 and the insulation layer 37 surface. Also,
a diffraction grating 30 i1s provided between the waveguide
structure processing etching stop layer 34 of the light pulse
generator 4 and the cladding layer 35. Note that the
waveguide structure processing etching stop layer 1s not lim-
ited to being provided directly above the active layer, but can
also be provided within the cladding layer, for example.

The matenals of each part are not particularly restricted,
but an example for the substrate 31 and the contact layer 36 1s
GaAs or the like. Also, an example for the cladding layers 32
and 33, the waveguide structure processing etching stop layer
34, and the diffraction grating 30 includes AlGaAs or the like.
Also, for the active layer 33, an example 1s a structure using a
quantum effect called a multiple quantum well or the like. In
specific terms, an example of the active layer 33 1s an item
with a structure called a distributed index of refraction mul-
tiple quantum well structured with multiple quantum wells or
the like made by alternately providing a plurality of well
layers (GaAs well layers) and barrier layers (AlGaAs barrier
layers) or the like.

With the constitution in the drawing, the waveguide of the
light source device 3 1s constituted from the cladding layer 32,
the active layer 33, the waveguide structure processing etch-
ing stop layer 34, and the cladding layer 35. Also, the cladding
layer 35 i1s provided 1 a shape corresponding to the
waveguide, only on the top part of the waveguide. Also, the
cladding layer 35 1s formed by removal of the unnecessary
parts by etching. Depending on the manufacturing method, 1t
1s possible to omit the waveguide structure processing etching
stop layer 34.

Also, two each of the cladding layer 35 and the contact
layer 36 are provided. One of the cladding layer 35 and the
contact layer 36 constitute the light pulse generator 4, the first
pulse compressor 5, the amplifier 6, and part of the second
pulse compressor 7, and are provided sequentially, and the
other cladding layer 35 and contact layer 36 constitute part of
the second pulse compressor 7. Specifically, one pair of clad-
ding layers 35 and one pair of contact layers 36 are provided
on the second pulse compressor 7.

Also, the electrode 391 1s provided so as to correspond to
the cladding layer 35 of the light pulse generator 4, the elec-
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trode 392 1s provided so as to correspond to the cladding layer
35 of the first pulse compressor 5, the electrode 393 1s pro-
vided so as to correspond to the cladding layer 35 of the
amplifier 6, and the electrodes 394 and 395 are provided so as
to respectively correspond to the two cladding layers 35 of the
second pulse compressor 7. The electrode 38 1s a shared
clectrode of the light pulse generator 4, the first pulse com-
pressor 5, the amplifier 6, and the second pulse compressor 7.
Then, the pair of electrodes of the light pulse generator 4 1s
constituted by the electrode 38 and the electrode 391, the pair
of electrodes of the first pulse compressor 3 1s constituted by
the electrode 38 and the electrode 392, the pair of electrodes
of the amplifier 6 1s constituted by the electrode 38 and the
clectrode 393, and the two pairs of electrodes of the second
pulse compressor 7 are constituted by the electrode 38 and

clectrode 394 and the electrode 38 and electrode 395.

The overall shape of the light source device 3 1s a rectan-
gular solid with the constitution 1n the drawing, but naturally
it 15 not restricted to this.

Also, the dimensions of the light source device 3 are not
particularly restricted, but for example can be 1 mm or greater
and 10 mm or lessx0.5 mm or greater and 5 mm or lessx0.1
mm or greater and 1 mm or less.

With the present invention, it also goes without saying that
the constitution of the light source device 1s not restricted to
the previously described constitution.

Next, the photoconductive antenna 2 will be described.

As shown 1n FIG. 1 and FIG. 2, the photoconductive
antenna 2 has a substrate 21 and a photoconductive antenna
main unit 20 provided on the substrate 21.

The substrate 21 1s not restricted provided 1t 1s an 1tem that
can support the photoconductive antenna main unit 20, and
though 1t 1s possible to use a semiconductor substrate consti-
tuted by various types ol semiconductor material, a resin
substrate constituted by various types of resin matenal, or a
glass substrate constituted by various types of glass material,
a semiconductor substrate 1s preferable. Also, when using a
semiconductor substrate as the substrate 21, as 1ts semicon-
ductor material, though not particularly restricted, it 1s pos-
sible to use various types of items, but a II1I-V compound
semiconductor 1s preferable. Also, as the III-V compound
semiconductor, though not particularly restricted, examples
include GaAs, InP, InAs, InSb and the like.

Also, with the configuration 1n the drawing, the shape of
the substrate 21 1s rectangular when seen from the lamination
direction (as viewed along the lamination direction) of the n
type semiconductor layer 22, the 1 type semiconductor layer
24, and the p type semiconductor layer 23 described later. The
shape of the substrate 21 1s not restricted to being rectangular,
and can also be a circle, an oval, or another polygon or the like
such as a triangle, a pentagon, a hexagon or the like. Hereat-
ter, “when seen from the lamination direction of the n type
semiconductor layer 22, the 1 type semiconductor layer 24,
and the p type semiconductor layer 23 1s also called “the
planar view.” Also, “the lamination direction of the n type
semiconductor layer 22, the 1 type semiconductor layer 24,
and the p type semiconductor layer 23” 1s also simply stated
as “the lamination direction.”

The photoconductive antenna main umt 20 has an n type
semiconductor layer (first conductive layer) 22, an 1 type
semiconductor layer (semiconductor layer) 24 that generates
terahertz waves and has the function of leading those tera-
hertz waves, a p type semiconductor layer (second conductive
layer) 23, an 1nsulation layer 25, and an electrode (first elec-
trode) 28 and an electrode (second electrode) 29 constituting,
the pair of electrodes.
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In this case, on the substrate 21, the n type semiconductor
layer 22, the 1 type semiconductor layer 24, and the p type
semiconductor layer 23 are laminated (provided) in that order
from the substrate 21 side. Specifically, on the substrate 21 1s
formed a laminated body (pin structure) for which the n type
semiconductor layer 22, the 1 type semiconductor layer 24,
and the p type semiconductor layer 23 are laminated 1n that
order from the substrate 21 side. In other words, the 1 type
semiconductor layer 24 1s formed sandwiched by the n type
semiconductor layer 22 and the p type semiconductor layer
23.

Then, of the surfaces exposed between the 1 type semicon-
ductor layer 24 n type semiconductor layer 22 and the p type
semiconductor layer 23 (specifically, the part of the 1 type
semiconductor layer 24 at the side surface of the laminated
body), the side surface of the left side 1n FIG. 1 constitutes the
incidence surface 241 at which the light pulses are made
incident, and the end surface of the rnight side in FIG. 1
constitutes the emission surface 242 at which the terahertz
waves generated by the 1 type semiconductor layer 24 are
emitted. Specifically, 1t can be said that at least a portion of the
surface (side surface) of the 1 type semiconductor layer 24
having a normal line perpendicular to the lamination direc-
tion transmits the light pulses, and at least a portion of the
surface of the 1 type semiconductor layer 24 having a normal
line perpendicular to the lamination direction transmits the
terahertz light generated by the 1 type semiconductor layer 24.
With this configuration, the light pulses are made 1incident on
the 1 type semiconductor layer 24 directly, without passing
through the n type semiconductor layer 22 or the p type
semiconductor layer 23, so 1t 1s possible to prevent the absorp-
tion of the light pulses by the n type semiconductor layer 22
or the p type semiconductor layer 23, making 1t possible to
generate terahertz waves with good elfficiency.

Also, the msulation layer 25 1s provided on the substrate
21, and at a site at which the type semiconductor layer 24 1s
not provided on the n type semiconductor layer 22. Also, an
aperture 251 1s formed on a portion of the insulation layer 25
on the n type semiconductor layer 25.

Also, the electrode 28 1s provided on the msulation layer
235, and 1s 1n contact with the n type semiconductor layer 22
via the aperture 251, and 1s electrically connected to that n
type semiconductor layer 22.

Also, the electrode 29 1s provided on the p type semicon-
ductor layer 23. Specifically, the electrode 29 1s 1n contact
with the p type semiconductor layer 23, and 1s electrically
connected to that p type semiconductor layer 23. This elec-
trode 29 1s provided on roughly the entire p type semiconduc-
tor layer 23, and also works as a retlective layer for retlecting
the terahertz waves generated by the 1 type semiconductor
layer 24. With this configuration, 1t 1s possible to retlect the
terahertz waves that leak to the outside from the top surface of
the p type semiconductor layer 23 to the 1 type semiconductor
layer 24 side (to the side of the laminated body interior),
making 1t possible to lead terahertz waves efficiently.

Here, the shape of the 1 type semiconductor layer 24 1s not
particularly restricted, but it 1s preferably an elongated shape.
Here, an elongated shape indicates a shape for which with a
planar view, compared to the length of one direction, the
length of the other direction orthogonal to that one direction
1s longer. Then, 11 this condition 1s fulfilled, the shape 1s not
restricted to being a rectangle. With this configuration, with
the 1 type semiconductor layer 24, it 1s possible to lead the
terahertz waves along the lengthwise direction of the 1 type
semiconductor layer 24, and with this configuration, 1t 1s
possible to generate high intensity terahertz waves which
have directionality.
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With the configuration 1n the drawing, the 1 type semicon-
ductor layer 24 has an elongated shape, 1n specific terms, with
the planar view, has a shape for which the center side part of
a Tan shape (the part including the intersection of the two
straight lines constituting the outer form of the fan shape) 1s
removed. Specifically, the incidence surface 241 of the 1 type
semiconductor layer 24 1s a flat plane, and the emission sur-
face 242 1s a curved convex surface (curved surface). With the
planar view, the shape of the incidence surface 241 of the 1
type semiconductor layer 24 1s a straight line shape, and the
shape of the emission surface 242 is an arc shape (curved line
shape). Also, with a planar view, the width W of the 1 type
semiconductor layer 24 gradually increases from the inci-
dence surface 241 side toward the emission surface 242 side.
The length L1 of the lengthwise direction orthogonal to the
width W of the 1 type semiconductor layer 24 1s larger than the
maximum width W of the 1 type semiconductor layer 24. With
this configuration, 1t 1s possible to have the terahertz waves
led efficiently by the 1 type semiconductor layer 24.

The 1type semiconductor layer 24 may also have the width
W for only a portion thereof gradually increase from the
incidence surface 241 side toward the emission surface 242
side. Specifically, with a planar view, the 1 type semiconduc-
tor layer 24 may also have a site for which the width W
gradually increases from the incidence surface 241 side
toward the emission surface 242 side.

Also, the dimensions of the 1 type semiconductor layer 24
are not particularly restricted, and are set as appropriate
according to various conditions, but the length L1 of the
lengthwise direction of the 1 type semiconductor layer 24 1s
preferably 30 um or greater and 3 mm or less, and more
preferably 30 uM or greater and 0.3 mm or less. Also, the
angle (center angle) 0 1n the drawing of the 1 type semicon-
ductor layer 24 1s preferably 5° or greater and 170° or less,
and more preferably 10° or greater and 90° or less.

Also, the shapes of the n type semiconductor layer 22 and
the p type semiconductor 23 are not particularly restricted,
but with the configuration in the drawing, with a planar view,
the n type semiconductor layer 22 1s formed so as to contain
the 1 type semiconductor layer 24 and the p type semiconduc-
tor layer 23. Also, the 1 type semiconductor layer 24 and the p
type semiconductor layer 23 have the same shape with the
planar view. In this way, with the planar view, the n type
semiconductor layer 22 and the p type semiconductor layer
23 are formed so as to have the same shape as the 1 type
semiconductor layer 24 or to contain the 1 type semiconductor
layer 24, and with this configuration, with the planar view,
terahertz waves are generated on roughly the entire 1 type
semiconductor layer 24, so 1t 1s possible to generate high
intensity terahertz waves.

The n type semiconductor layer 22 is constituted from a
semiconductor material containing an n type (first conductive
type) impurity. The carrier density (1impurity concentration)
of the n type semiconductor layer 22 is preferably 1x10*/cm”
or greater, more preferably 1x10°°/cm” or greater, and even
more preferably 1x10°°/cm” or greater and 1x10*°/cm” or
less. The n type impurity 1s not particularly restricted, but
examples include S1, Ge, S, Se or the like.

Also, the thickness d1 of the n type semiconductor layer 22
1s not particularly restricted, and 1s set as appropriate accord-
ing to various conditions, but1s preferably 1 um or greater and
4 mm or less, and more preferably 1 um or greater and 10 um
or less.

Also, the p type semiconductor layer 23 1s constituted by a
semiconductor material containing a p type (second conduc-
tive type) impurity. The carrier density of the p type semicon-
ductor layer 23 is preferably 1x10"’/cm” or greater, more
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preferably 1x10”°/cm” or greater, and even more preferably
1x10*°/cm” or greater and 1x10%°/cm” or less. This p type
impurity 1s not particularly restricted, but examples 1include
/n, Mg, C or the like.

Also, the thickness d2 of the p type semiconductor layer 23
1s not particularly restricted, and 1s set as appropriate accord-
ing to various conditions, but1s preferably 1 um or greater and
2 mm or less, and more preferably 1 um or greater and 10 um
or less.

Also, the 1 type semiconductor layer 24 1s constituted with
a semiconductor material. The semiconductor material con-
stituting this 1 type semiconductor layer 24 1s preferably an
intrinsic semiconductor, but may also include a small volume
of an n type impurity or a p type impurity. In other words, the
1 type semiconductor layer 24 can be said to have a carrier
density lower than an n type semiconductor 22 when 1t con-
tains an n type impurity, and can be said to have a carrier
density lower than a p type semiconductor when 1t contains a
p type impurity. It 1s preferable that even when the 1 type
semiconductor layer 24 contains either the n type impurity or
the p type impurity, the carrier density 1s lower than with the
n type semiconductor layer 22 and the p type semiconductor
layer 23.

In specific terms, the carrier density of the 1 type semicon-
ductor layer 24 is preferably 1x10'® cm” or less, more pref-
erably 1x10'*/cm” or greater and 1x10'*/cm> or less, and
even more preferably 1x10'*/cm” or greater and 1x10"®/cm”
or less.

Also, the thickness d3 of the 1 type semiconductor layer 24
1s not particularly restricted, and 1s set as appropriate accord-
ing to various conditions, but1s preferably 1 um or greater and
4 mm or less, and more preferably 1 um or greater and 10 uM
or less.

I1 the thickness d3 of the 1 type semiconductor layer 24 1s
less than the lower limit value noted above, forming of the 1
type semiconductor layer 24 may be difficult depending on
other conditions, and 11 1t exceeds the upper limit value noted
above, the withstand voltage may be insuificient depending
on other conditions, so it 1s not possible to form an electric
field of a large field intensity inside the 1 type semiconductor
layer 24, and because of that, 1t 1s not possible to generate high
intensity terahertz waves.

The semiconductor material of the p type semiconductor
layer 23, the n type semiconductor layer 33, and the 1 type
semiconductor layer 24 1s not particularly restricted, and it 1s
possible to use various types of items, but it 1s preferable to
use a III-V compound semiconductor. Also, the III-V com-
pound semiconductor 1s not particularly restricted, and
examples include GaAs, InP, InAs, InSb and the like.

The material of the mnsulation layer 23 1s not particularly
restricted as long as 1t 1s a material having insulating proper-
ties, and examples include fluorine based resin, polyimide, a
borazine compound, hydrogenated siloxane, benzocy-
clobutene, S1N, S10, and the like.

A power supply device 18 1s electrically connected to the
clectrodes 28 and 29 respectively via a pad, conducting wire,
connector or the like (not 1llustrated), and direct current volt-
age 1s applied between the electrode 28 and the electrode 29
so that the electrode 28 side 1s positive.

Next, the operation of the terahertz wave generating device
1 will be described.

With the terahertz wave generating device 1, first, light
pulses are generated by the light pulse generator 4 of the light
source device 3. The pulse width of the light pulses generated
by the light pulse generator 4 1s larger than the target pulse
width. The light pulses generated by the light pulse generator
4 pass through the waveguide, and pass through the first pulse
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compressor 3, the amplifier 6, and the second pulse compres-
sor 7 sequentially 1n that order.

First, at the first pulse compressor 3, pulse compression
based on saturable absorption i1s performed on the light
pulses, and the pulse width of the light pulses 1s decreased.
Next, atthe amplifier 6, the light pulses are amplified. Finally,
at the second pulse compressor 7, pulse compression based on
group velocity dispersion compensation 1s performed on the
light pulses, and the pulse width of the light pulses 1is
decreased. In this way, light pulses of the target pulse width
are generated, and are emitted from the second pulse com-
pressor 7.

The light pulses emitted from the light source device 3 are
irradiated at the incidence surface 241 of the 1 type semicon-
ductor layer 24 from the side of the photoconductive antenna
2, are made incident from the incidence surface 241 into the
1 type semiconductor layer 24, and terahertz waves are gen-
crated at the 1 type semiconductor layer 24. These terahertz
waves are lead by the 1 type semiconductor layer 24, and
advance within that 1 type semiconductor layer 24 toward the
emission surface 242 side. Also, of the terahertz waves that
advance 1nside the 1 type semiconductor layer 24, the tera-
hertz waves that pass through the p type semiconductor layer
23 are retlected by the electrode 29, and are prevented from
leaking from the top surface of the p type semiconductor layer
23, and this makes 1t possible for the terahertz waves to be led
cificiently. Then, terahertz waves having directionality 1in the
lengthwise direction of the 1 type semiconductor layer 24 are
emitted from the emission surface 242.

As described above, with this terahertz wave generating
device 1, the light pulses are made incident on the 1 type
semiconductor layer 24 directly without going via the n type
semiconductor layer 22 or the p type semiconductor 23, so it
1s possible to prevent the light pulses from being partially
absorbed by the n type semiconductor layer 22 or the p type
semiconductor layer 23, making 1t possible to generate tera-
hertz waves eificiently.

Also, the terahertz waves generated by the 1 type semicon-
ductor layer 24 are led 1n a designated direction by that 1 type
semiconductor layer 24, and with this configuration, it 1s
possible to generate terahertz waves having directionality.

Also, the light source device 3 has the first pulse compres-
sor 5, the amplifier 6, and the second pulse compressor 7, so
it 1s possible to make the light source device 3 more compact,
and thus the terahertz wave generating device 1 more com-
pact, and it 1s also possible to generate light pulses with a
desired wave height and desired width, and with this configu-
ration, 1t 1s possible to reliably generate the desired terahertz
waves.

The shape of the 1 type semiconductor layer 24 of the
photoconductive antenna 2 1s not restricted to the item
described above, and other examples include the 1tems such
as those shown 1 FIG. 6A to FIG. 6E.

With the 1 type semiconductor layer 24 shown 1n FIG. 6 A,
the incidence surface 241 of the 1 type semiconductor layer 24
1s a curved concave surface (curved surface), and the emission
surface 242 1s a curved convex surface (curved surface). With
the planar view, the 1 type semiconductor layer 24 incidence
surface 241 shape and the emission surface 242 shape are
respectively arc shapes (curved line shapes). The curvature
radius of the incidence surface 241 and the curvature radius of
the emission surface 242 may be the same, or may be differ-
ent.

With the 1 type semiconductor layer 24 shown in FIG. 613,
the 1 type semiconductor layer 24 incidence surface 241 and
emission surface 242 are respectively curved convex surfaces
(curved surfaces). With the planar view, the 1 type semicon-
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ductor layer 24 incidence surface 241 shape and the emission
surface 242 shape are respectively arc shapes (curved line

shapes). The curvature radius of the incidence surface 241
and the curvature radius of the emission surface 242 may be
the same, or may be different.

With the 1 type semiconductor layer 24 shown 1n FIG. 6C,
the 1 type semiconductor layer 24 incidence surface 241 and
emission surface 242 are respectively tlat planes. With the
planar view, the 1 type semiconductor layer 24 incidence
surface 241 shape and the emission surface 242 shape are
straight lines. Specifically, with the planar view, the 1 type
semiconductor layer 24 can also be called a trapezoid.

With the 1 type semiconductor layer 24 shown 1n FIG. 6D,
the 1 type semiconductor layer 24 incidence surface 241 1s a
curved concave surface (curved surface), and the emission
surface 242 1s a flat plane. With the planar view, the 1 type
semiconductor layer 24 incidence surface 241 shape 1s an arc
shape (curved line shape), and the emission surface 242 shape
1s a straight line shape.

With the 1 type semiconductor layer 24 shown 1n FIG. 6E,
the 1 type semiconductor layer 24 incidence surface 241 1s a
curved convex surface (curved surface), and the emission
surface 242 1s a flat plane. With the planar view, the 1 type
semiconductor layer 24 incidence surtace 241 shape 1s an arc
shape (curved line shape), and the emission surtace 242 shape
1s a straight line shape.

Second Embodiment

Referring now to FIG. 7, a terahertz wave generating
device 1A 1n accordance with a second embodiment will now
be explained. In view of the similarity between the first and
second embodiments, the parts of the second embodiment
that are 1dentical to the parts of the first embodiment will be
given the same reference numerals as the parts of the first
embodiment. Moreover, the descriptions of the parts of the
second embodiment that are identical to the parts of the first
embodiment may be omitted for the sake of brevity.

FIG. 7 1s a drawing showing the terahertz wave generating,
device 1A according to the second embodiment of the present
invention. With this FIG. 7, a cross section diagram 1s shown
for the photoconductive antenna, and a block diagram 1is
shown for the light source device. Hereatfter, in FIG. 7, the
upper side will be described as “upper’” and the lower side will
be described as “lower.”

As shown 1 FIG. 7, with the terahertz wave generating
device 1A of the second embodiment, a p type semiconductor
layer 23' of the photoconductive antenna 2 1s provided only on
a portion of the incidence surface 241 side on the 1 type
semiconductor layer 24. With the configuration 1n the draw-
ing, the incidence surface 241 of the 1 type semiconductor
layer 24 1s flush with the end surface of the incidence surface
side of the p type semiconductor layer 23' (the side surface,
specifically, the surface having a normal line perpendicular to
the lamination direction), and the length of the p type semi-
conductor layer 23' (length 1n the same direction as L1) L2 1s
set to be shorter than the length L1 of the lengthwise direction
of the 1 type semiconductor layer 24.

With this configuration, terahertz waves are generated only
on a portion of the incidence surface 241 side of the 1 type
semiconductor layer 24, so 1t 1s possible to suppress interfer-
ence between terahertz waves generated 1n the plurality of
regions within the 1 type semiconductor layer 24.

Also, the dimensions of the p type semiconductor layer 23
are not particularly restricted as long as they are smaller than
those of the 1 type semiconductor layer 24, and are set as
appropriate according to various conditions, but the length .2
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of the p type semiconductor layer 23' 1s preferably 1 um or
greater and 2 mm or less, and more preferably 3 um or greater

and 30 um or less. Also, L2/LL1 1s preferably 0.00033 or
greater and 0.667 or less, and more preferably 0.001 or
greater and 0.1 or less.

Also, between the site at which the p type semiconductor
layer 23" 1s not provided on the 1 type semiconductor layer 24
and the electrode 29, specifically, at further to the emission
surface 242 side than the p type semiconductor layer 23' on
the 1 type semiconductor layer 24, an insulation layer 26 1s
provided continuously with the p type semiconductor layer
23'. The material of this insulation layer 26 1s not particularly
restricted as long as it 1s a material having insulating proper-
ties, and for example 1t 1s possible to use the same material as
the previously described insulation layer 25.

With this terahertz wave generating device 1A, the same
cifects are obtained as with the previously described first
embodiment.

Third Embodiment

Referring now to FIG. 8, a terahertz wave generating
device 1B 1n accordance with a third embodiment will now be
explained. In view of the similarity between the first, second
and third embodiments, the parts of the third embodiment that
are 1dentical to the parts of the first or second embodiment
will be given the same reference numerals as the parts of the
first or second embodiment. Moreover, the descriptions of the
parts of the third embodiment that are 1dentical to the parts of
the first or second embodiment may be omitted for the sake of
brevity.

FIG. 8 1s a drawing showing the terahertz wave generating
device 1B according to the third embodiment of the present
invention. With thus FIG. 8, a cross section diagram 1s shown
for the photoconductive antenna, and a block diagram 1is
shown for the light source device. Hereafter, 1n FIG. 8, the
upper side will be described as “upper” and the lower side will
be described as “lower.”

As shown 1n FIG. 8, with the terahertz wave generating
device 1B of the third embodiment, the photoconductive
antenna 2 has a covering layer 27. This covering layer 27
covers the part of the 1 type semiconductor layer 24 at the side
surface of the laminated body, specifically, the surface of the
1 type semiconductor layer 24 having a normal line perpen-
dicular to the lamination direction. The covering layer 27
covers the entire surface that 1s exposed between the 1 type
semiconductor layer 24 n type semiconductor layer 22 and
the p type semiconductor layer 23'. With this configuration,
the 1 type semiconductor layer 24 1s sealed, making it possible
to prevent corrosion or the like of the 1 type semiconductor
layer 24.

The thickness d4 ofthe covering layer 27 1s not particularly
restricted, and 1s set as appropriate according to various con-
ditions, but it 1s preferably 10 nm or greater and 1 mm or less,
more preferably 1 um or greater and 100 um or less, and in
particular, the thickness d4 of the covering layer 27 provided
on the incidence surface 241 ofthe 1 type semiconductor layer
24 1s pretferably 1 nm or greater and 100 um or less, and more
preferably 10 nm or greater and 1 um or less.

With this configuration, while suppressing absorption of
the light pulses made incident on the incidence surface 241 by
the covering layer 27, 1t 1s possible to reliably seal the 1 type
semiconductor layer 24.

The material of the covering layer 27 1s not particularly
restricted as long as it 1s a material that can seal the 1 type
semiconductor layer 24, but it 1s preferable that the relative
dielectric constant (dielectric constant) of the material of the
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covering layer 27 1s lower than the relative dielectric constant
of the semiconductor material constituting the 1 type semi-

conductor layer 24. The terahertz waves have the physical
property of trying to advance 1n a material with a higher
dielectric constant, so with this configuration, 1t 1s possible
for the terahertz waves to be led efficiently by the 1 type
semiconductor layer 24.

Also, 1t 1s preferable that the relative dielectric constant of
the material of the covering layer 27 1s 20 or less, and more
preferably 2 or greater and 10 or less.

As this kind of covering layer 27 material (low dielectric
constant material), examples include polyimide (relative
dielectric constant: 3), a borazine compound (relative dielec-
tric constant: 2.3), SiN (relative dielectric constant: 7), S10,
(relative dielectric constant: 4), hydrogenated siloxane (rela-
tive dielectric constant: 3), benzocyclobutene (relative dielec-
tric constant: 2.7), fluorine based resin (relative dielectric
constant: 2.7) and the like.

With this terahertz wave generating device 1B, the same
elfects as with the previously described second embodiment
are obtained.

The structures of the covering layer 27 1n the third embodi-
ment can also be applied to the first embodiment.

Fourth Embodiment

Retferring now to FIG. 9, a terahertz wave generating
device 1C 1n accordance with a fourth embodiment will now
be explained. In view of the similarity between the first,
second, third and fourth embodiments, the parts of the fourth
embodiment that are 1dentical to the parts of the first, second
or third embodiment will be given the same reference numer-
als as the parts of the first, second or third embodiment.
Moreover, the descriptions of the parts of the fourth embodi-
ment that are 1dentical to the parts of the first, second or third
embodiment may be omitted for the sake of brevity.

FIG. 9 1s a drawing showing the terahertz wave generating,
device 1C according to the fourth embodiment of the present
invention. With thus FIG. 9, a cross section diagram 1s shown
for the photoconductive antenna, and a block diagram 1is
shown for the light source device. Hereatfter, in FIG. 9, the
upper side will be described as “upper’” and the lower side will
be described as “lower.”

As shown 1n FIG. 9, with the terahertz wave generating
device 1C of the fourth embodiment, the relative dielectric
constant (dielectric constant) of a material of a covering layer
27a provided on the emission surface 242 of the 1 type semi-
conductor layer 24 1s higher than the relative dielectric con-
stant of the semiconductor material constituting the 1 type
semiconductor layer 24.

With this configuration, the terahertz waves have a physical
property of trying to advance in the substance with the higher
dielectric constant, so 1t 1s possible to reliably emit terahertz
waves generated by the 1 type semiconductor layer 24 from
the emission surtace 242 of that 1 type semiconductor layer
24, making 1t possible to generate high intensity terahertz
waves.

The thickness dS of the covering layer 27a 1s not particu-
larly restricted, and 1s set as appropriate according to various
conditions, but 1t 1s preferably 10 nm or greater and 1 mm or
less, and more preferably 1 um or greater and 100 um or less.

With this configuration, it 1s possible to more reliably emit
the terahertz waves generated by the 1 type semiconductor
layer 24 from the emission surface 242.

Also, the material of the covering layer 27a 1s not particu-
larly restricted as long as 1ts relative dielectric constant 1s
higher than the relative dielectric constant of the semiconduc-
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tor material constituting the 1 type semiconductor layer 24,
specifically, 1s a dielectric material, but the relative dielectric
constant of the dielectric maternial constituting the covering
layer 27a 1s preferably 20 or greater, and more preferably 30
or greater and 200 or less.

As this kind of dielectric material (high dielectric constant
material), examples include nitrogen-added hainium alumi-
nate (relative dielectric constant: 20), hatnium oxide (relative
dielectric constant: 23), yttrium oxide (relative dielectric con-
stant: 235), lanthanum oxide (relative dielectric constant: 27),
niobium pentoxide (relative dielectric constant: 41), titanium
dioxide (rutile) (relative dielectric constant: 80), and titanium
oxide (relative dielectric constant: 160) and the like.

The covering layer 27 other than the covering layer 27a 1s
the same as that of the previously described third embodi-
ment, so a description of that 1s omatted.

With this terahertz wave generating device 1C, the same
elfects as with the previously described third embodiment can
be obtained.

The structure of the covering layer 27a in the fourth
embodiment can also be applied to the first or second embodi-
ment.

Fitth Embodiment

Referring now to FIG. 10, a terahertz wave generating
device 1D in accordance with a fifth embodiment will now be
explained. In view of the similarity between the first, second,
third, fourth and fifth embodiments, the parts of the {fifth
embodiment that are identical to the parts of the first, second,
third or fourth embodiment will be given the same reference
numerals as the parts of the first, second, third or fourth
embodiment. Moreover, the descriptions of the parts of the
fifth embodiment that are identical to the parts of the first,
second or third embodiment may be omitted for the sake of
brevity.

FIG. 10 15 a cross section diagram showing the terahertz
wave generating device 1D according to the fifth embodiment
ol the present mmvention. Hereatter, in FI1G. 10, the upper side
will be described as “upper” and the lower side will be
described as “lower.”

As shown 1 FIG. 10, with the terahertz wave generating
device 1D of the fifth embodiment, the light source device 3
and the photoconductive antenna 2 are respectively provided
on the substrate 21. This light source device 3 and the photo-
conductive antenna 2 are respectively formed on the substrate
21 and formed as an integral unit with the substrate 21.
Specifically, the light source device 3 and the photoconduc-
tive antenna 2 are given a monolithic structure.

Also, with this terahertz wave generating device 1D, the
alignment of the light source device 3 and the photoconduc-
tive antenna 2 can be performed at the same time as when the
light source device 3 and the photoconductive antenna 2 are
formed on the substrate 21, so 1t 1s possible to perform higher
precision alignment within the process range of error.
Because of that, compared to when the light source device 3
and the photoconductive antenna 2 are manufactured sepa-
rately, and they are installed on a base while aligning them, 1t
1s possible to more easily manufacture the terahertz wave
generating device 1.

Also, the light source device 3 and the photoconductive
antenna 2 are given a monolithic structure, so 1t 1s possible to
make the terahertz wave generating device more compact.

Also, with this terahertz wave generating device 1D, the
same effects as with the previously described fourth embodi-
ment can be obtained.
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In the description of the fifth embodiment, the structure of
the photoconductive antenna 1n the terahertz wave generation
device 1D 1s basically the same as the structure of the photo-
conductive antenna 1n the terahertz wave generation device
1C 1n the fourth embodiment. It will be apparent to those
skilled 1n the art from this disclosure that the structure of the
photoconductive antenna in the terahertz wave generation
device 1, 1A or 1B 1n the first, second or third embodiment
can also be applied to the terahertz wave generation device 1D
of the fifth embodiment.

Embodiment of Imaging Device

FIG. 11 15 a block diagram showing an embodiment of the
imaging device of the present mvention. FIG. 12 1s a plan
view showing the terahertz wave detecting unit of the imaging
device shown 1 FIG. 11. FIG. 13 1s a graph showing the
spectrum of the terahertz band of the object. FIG. 14 15 a
drawing of an 1mage showing the distribution of the sub-
stances A, B, and C of the object.

As shown 1n FIG. 11, the imaging device 100 1s equipped
with a terahertz wave generating unit 9, a terahertz wave
detecting unit 11 for detecting terahertz waves emitted from
the terahertz wave generating unit 9 and passed through or
reflected by the object 150, and an 1image forming unit 12 that
generates an image of the object 150, specifically, image data,
based on the detection results of the terahertz wave detecting
unmit 11. The configuration of the terahertz wave generating
unit 9 1s the same as the previously noted terahertz wave
generating device 1, so a description will be omitted here. In
other words, any of the terahertz wave generating devices 1,
1A,1B,1C and 1D described 1n the first through fifth embodi-
ment can be used as the terahertz wave generating unit 9.

Also, as the terahertz wave detecting unit 11, an item 1s
used that 1s equipped with a filter 15 that transmits terahertz
waves ol target wavelengths, and a detection unit 17 that
detects the terahertz waves of the target wavelengths trans-
mitted by the filter 15. Also, as the detection unit 17, for
example, an 1tem 1s used that converts terahertz waves to heat
and detects 1t, specifically, an 1tem that converts terahertz
waves to heat, and detects the energy (intensity) of the tera-
hertz waves. As this kind of detection unmit, examples include
pyroelectric sensors, bolomoters and the like. Naturally, the

terahertz wave detecting unit 11 1s not restricted to an 1item of
this constitution.

Also, the filter 15 has a plurality of pixels (unit filter units)
16 arranged two dimensionally. Specifically, the pixels 16 are
arranged 1n matrix form.

Also, the pixels 16 have a plurality of fields that transmat
terahertz waves of mutually different wavelengths, specifi-
cally, a plurality of fields that have mutually different trans-
mitted terahertz wavelengths (hereatter also called “transmis-

sion wavelengths™). With the constitution in the drawing,
cach pixel 16 has a first field 161, a second field 162, a third

field 163, and a fourth field 164.

Also, the detection unit 17 has a first unit detecting unit
171, a second unit detecting unit 172, a third unit detecting
unit 173, and a fourth unit detecting unit 174 provided respec-
tively corresponding to the first field 161, second field 162,
third field 163, and fourth field 164 of each pixel 16 of the
filter 15. Each first unit detecting unit 171, second unit detect-
ing umt 172, third unit detecting unit 173, and fourth unit
detecting unit 174 respectively convert to heat and detect
terahertz waves that were transmitted through the first field

161, the second field 162, the third field 163, and the fourth
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field 164 of each pixel 16. As a result, at each respective pixel
16, it 1s possible to reliably detect the terahertz waves of four
target wavelengths.

Next, a use example of the imaging device 100 will be
described.

First, the object 150 that 1s the subject of spectral imaging,
1s constituted by three substances A, B, and C. The imaging
device 100 performs spectral imaging ol this object 150. Also,
here, as an example, the terahertz wave detecting unit 11
detects terahertz waves reflected by the object 150.

With each pixel 16 of the filter 15 of the terahertz wave
detecting umt 11, a first field 161 and a second field 162 are
used.

Also, when the transmission wavelength of the first field
161 1s A1 and the transmission wavelength of the second field
162 1s A2, and the intensity of the wavelength A1 component
of the terahertz wave retlected by the object 150 1s al and the
intensity of the transmission wavelength A2 componentis a2,
the transmission wavelength Al of the first field 161 and the
transmission wavelength A2 of the second field 162 are set so
that the difference (a.2—cal) between the intensity o2 and
intensity ol can be clearly mutually distinguished for the
substance A, substance B, and substance C.

As shown 1n FIG. 13, with substance A, the difference
between the itensity a2 of the wavelength A2 component of
the terahertz waves reflected by the object 150 and the inten-
sity a1 of the wavelength A1 component (a2-al) 1s a positive
value.

With substance B, the difference between intensity ¢.2 and
intensity a1l (a2-al) 1s zero.

With substance C, the difference between intensity ¢.2 and
intensity a1 (a2-al) 1s a negative value.

With the imaging device 100, when performing spectral
imaging of the object 150, first, terahertz waves are generated
by the terahertz wave generating unit 9, and those terahertz
waves are 1rradiated on the object 150. Then, the terahertz
wave detecting unit 11 detects the terahertz waves reflected
by the object 150 as a1 and ¢.2. These detection results are
sent to the image forming unit 12. The detection of 1irradiation
of terahertz waves on the object 150 and terahertz waves
reflected by the object 150 1s performed for the overall object
150.

The image forming unit 12 finds the difference (a2-al)
between the intensity a2 of the wavelength A2 component of
the terahertz waves transmitted through the second field 162
of the filter 15 and the intensity ol of the wavelength Al
component of the terahertz waves transmitted through the
first field 161 based on the detection results. Then, of the
object 150, sites for which the difference 1s a positive value
are determined and specified as being substance A, sites for
which the difference 1s zero as substance B, and sites for
which the difference 1s a negative value as substance C.

As shown 1n FIG. 14, the image forming unit 12 creates
image data of an 1mage showing the distribution of the sub-
stances A, B and C of the object 150. This image data 1s sent
to a monitor (not 1llustrated) from the image forming unit 12,
and an 1image showing the distribution of the substance A,
substance B, and substance C of the object 150 1s displayed on
the monitor. In this case, for example, color coded display 1s
done so that the field 1n which substance A of the object 150
1s distributed 1s shown as black, the field in which substance
B 1s distributed 1s shown as gray, and the field in which
substance C 1s distributed 1s shown as white. With this imag-
ing device 100, as described above, it 1s possible to 1dentily
cach substance constituting the object 150 and to simulta-
neously perform distribution measurement of each substance.
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The application of the 1imaging device 100 1s not limited to
the 1tem described above, and for example, 1t 1s possible to
irradiate terahertz waves on a person, to detect terahertz
waves transmitted or reflected by that person, and by perform-
ing processing at the image forming unit 12, 1t 1s possible to
determine whether that person 1s holding a gun, knife, 1llegal
drugs or the like.

Embodiment of Measuring Device

FIG. 15 1s a block diagram showing an embodiment of the
measuring device of the present invention.

Following, the description of the embodiment of the mea-
suring device will focus on the differences from the previ-
ously described embodiment of the imaging device, the same
items will be given the same code numbers, and a detailed
description of those will be omitted.

As shown 1n FIG. 15, the measuring device 200 1s equipped
with a terahertz wave generating unit 9 for generating tera-
hertz waves, a terahertz wave detecting umit 11 for detecting
terahertz waves emitted from the terahertz wave generating
unit 9 and transmitted through or reflected by the object 160,
and a measuring unit 13 for measuring the object 160 based
on the detection results of the terahertz wave detecting unit
11.

Next, a use example of the measuring device 200 will be
described.

With the measuring device 200, when performing spectro-
scopic measurement of the object 160, first, terahertz waves
are generated by the terahertz wave generating unit 9, and
those terahertz waves are 1rradiated on the object 160. Then
the terahertz waves transmitted by or retlected by the object
160 are detected by the terahertz wave detec‘[mg unit 11.
These detection results are sent to the measuring unit 13.
Irradiation of the terahertz waves on the object 160 and detec-
tion of the terahertz waves transmitted by or retlected by the
object 160 are performed for the overall object 160.

With the measuring unit 13, from the detection results, the

respective intensities of the terahertz waves that were trans-
mitted through the first ficld 161, the second field 162, the

third field 163, and the fourth field 164 of the filter 15 are
found out, and analysis or the like of the object 160 compo-
nents and their distribution 1s performed.

Embodiment of Camera

FIG. 16 1s a block diagram showing the embodiment of the
camera of the present invention. Also, FIG. 17 shows a sche-
matic perspective view showing an embodiment of the cam-
era of the present invention.

Following, the description of the embodiment of the cam-
era will focus on the differences from the previously
described embodiment of the 1image device, the same 1tems
are given the same code numbers as 1n the previously
described embodiments, and a detailed description of those
will be omatted.

As shown 1n FIG. 16 and FIG. 17, the camera 300 1s
equipped with a terahertz wave generating unit 9 for gener-
ating terahertz waves, a terahertz wave detecting umt 11 for
detecting terahertz waves emitted from the terahertz wave
generating umt 9 and reflected by the object 170, and a
memory unit 14. Then, each of these parts 1s housed 1n a case
310 of the camera 300. Also, the camera 300 1s equipped with
a lens (optical system) 320 for converging (1maging) the
terahertz waves reflected by the object 170 on the terahertz
wave detecting unit 11, and a window part 330 for emitting to
outside the case 310 the terahertz waves generated by the
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terahertz wave generating unit 9. The lens 320 and the win-
dow part 330 are constituted by members using silicon,

quartz, polyethylene or the like that transmait or refract tera-
hertz waves. The window part 330 can also be constituted
with an aperture simply provided as a slit.

Next, a use example of the camera 300 will be described.

With the camera 300, when taking an 1image of the object
170, first, terahertz waves are generated by the terahertz wave
generating unit 9, and those terahertz waves are rradiated on
the object 170. Then, the terahertz waves reflected by the
object 170 are converged (1maged) by the lens 320 to the
terahertz wave detecting unit 11 and detected. The detection
results are sent to and stored 1n the memory unit 14. Detection
of irradiation of the terahertz waves on the object 170 and of
the terahertz waves retlected by the object 170 1s performed
on the overall object 170. The detection results can also be
sent to an external device such as a personal computer or the
like, for example. With the personal computer, 1t 1s possible to
perform various processes based on the detection results.

Above, the photoconductive antenna, the terahertz wave
generating device, the camera, the imaging device, and the
measuring device of the present invention were described
based on the embodiments 1n the drawings, but the present
invention 1s not limited to this, and the constitution of each
part can be replaced with an item of any constitution having
the same functions. It 1s also possible to add any other con-
stituent materials to the present invention.

Also, with the present invention, 1t 1s also possible to com-
bine the constitutions (features) of any two or more of the
embodiments noted above.

Also, with the aforementioned embodiments, an n type
semiconductor layer was used as the first conductive layer,
and a p type semiconductor layer was used as the second
conductive layer, but with the present invention, this 1s not
restricted to these, and 1t 1s also possible to use a p type
semiconductor layer for the first conductive layer and an n
type semiconductor layer for the second conductive layer.

Also, with the present invention, the light pulse generator
can be a separate 1tem from the light source device.

GENERAL INTERPRETATION OF TERMS

In understanding the scope of the present invention, the
term “‘comprising”’ and its derivatives, as used herein, are
intended to be open ended terms that specity the presence of
the stated features, elements, components, groups, integers,
and/or steps, but do not exclude the presence of other unstated
features, elements, components, groups, ntegers and/or
steps. The foregoing also applies to words having similar
meanings such as the terms, “including”, “having™ and their
derivatives. Also, the terms “part,” “section,” “portion,”
“member” or “element” when used in the singular can have
the dual meaning of a single part or a plurality of parts.
Finally, terms of degree such as “substantially”, “about” and
“approximately’ as used herein mean a reasonable amount of
deviation of the modified term such that the end result 1s not
significantly changed. For example, these terms can be con-
strued as including a deviation of at least 5% of the modified
term 11 this deviation would not negate the meaning of the
word 1t modifies.

While only selected embodiments have been chosen to
illustrate the present invention, 1t will be apparent to those
skilled in the art from this disclosure that various changes and
modifications can be made herein without departing from the
scope of the mvention as defined in the appended claims.
Furthermore, the foregoing descriptions of the embodiments

according to the present mnvention are provided for 1llustra-
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tion only, and not for the purpose of limiting the invention as
defined by the appended claims and their equivalents.

What 1s claimed 1s:

1. A photoconductive antenna adapted to generate terahertz
waves when irradiated by pulsed light, the photoconductive
antenna comprising:

a first conductive layer made of a semiconductor material

containing a first conductive type impurity;

a second conductive layer made of a semiconductor mate-
rial containing a second conductive type impurity dii-
ferent from the first conductive type impurity;

a semiconductor layer positioned between the first conduc-
tive layer and the second conductive layer, and made of
a semiconductor material having a carrier density that 1s
lower than a carrier density of the semiconductor mate-
rial of the first conductive layer or a carrier density of the
semiconductor material of the second conductive layer;

a first electrode electrically connected to the first conduc-
tive layer; and

a second electrode electrically connected to the second
conductive layer,

the semiconductor layer including an incidence surface
through which the pulsed light enters the semiconductor
layer, and an emission surface from which the terahertz
waves are emitted, the incidence surface being posi-
tioned 1n a side surface of the semiconductor layer hav-
ing a normal direction extending orthogonal to a lami-
nation direction of the first conductive layer, the
semiconductor layer, and the second conductive layer,
and the emission surface being positioned in the side
surface of the semiconductor layer at a position different
from the incidence surface, and

the semiconductor layer having an elongated shape in
which a direction from the incidence surface toward the
emission surface 1s a lengthwise direction as viewed
along the lamination direction.

2. The photoconductive antenna according to claim 1,

wherein

the second conductive layer 1s provided only on a portion of
the semiconductor layer, and a side surtace of the second
conductive layer having a normal direction extending
orthogonal to the lamination direction 1s flush with the
incidence surface of the semiconductor layer.

3. A terahertz wave generating device comprising:

the photoconductive antenna according to claim 2; and

a light source configured and arranged to generate the
pulsed light.

4. A camera comprising;:

the photoconductive antenna according to claim 2;

a light source configured and arranged to generate the
pulsed light; and

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and reflected by an object.

5. An 1maging device comprising:

the photoconductive antenna according to claim 2;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

an 1mage forming unit configured and arranged to generate
an 1mage ol the object based on detection results of the
terahertz wave detecting unit.




US 8,872,107 B2

21

6. The imaging device according to claim 5, wherein

the image forming unit 1s configured and arranged to gen-
crate the image of the object using intensity of the tera-
hertz waves detected by the terahertz wave detecting
unit.

7. A measuring device comprising;:

the photoconductive antenna according to claim 2;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
retflected by the object; and

a measuring unit configured and arranged to measure the
object based on detection results of the terahertz wave
detecting unait.

8. The measuring device according to claim 7, wherein

the measuring unit 1s configured and arranged to measure
the object using itensity of the terahertz waves detected
by the terahertz wave detecting unit.

9. The photoconductive antenna according to claim 1, fur-

ther comprising

a covering layer covering the side surface of the semicon-
ductor layer.

10. The photoconductive antenna according to claim 9,

wherein

a relative dielectric constant of a material of the covering
layer provided on the emission surface 1s higher than a
relative dielectric constant of the semiconductor mate-
rial of the semiconductor layer.

11. A terahertz wave generating device comprising;

the photoconductive antenna according to claim 10; and

a light source configured and arranged to generate the
pulsed light.

12. A camera comprising:

the photoconductive antenna according to claim 10;

a light source configured and arranged to generate the

pulsed light; and

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-

ductive antenna and reflected by an object.

13. An 1imaging device comprising:

the photoconductive antenna according to claim 10;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

an 1mage forming unit configured and arranged to generate
an 1mage of the object based on detection results of the
terahertz wave detecting unit.

14. The imaging device according to claim 13, wherein

the 1mage forming unit 1s configured and arranged to gen-
crate the 1mage of the object using intensity of the tera-
hertz waves detected by the terahertz wave detecting
unit.

15. A measuring device comprising;:

the photoconductive antenna according to claim 10;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and
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a measuring unit configured and arranged to measure the
object based on detection results of the terahertz wave
detecting unait.

16. The measuring device according to claim 15, wherein

the measuring unit 1s configured and arranged to measure
the object using intensity of the terahertz waves detected
by the terahertz wave detecting unit.

17. The photoconductive antenna according to claim 1,

wherein

the semiconductor material of the semiconductor layer 1s a
I11-V compound.

18. A terahertz wave generating device comprising:

the photoconductive antenna according to claim 1; and

a light source configured and arranged to generate the

pulsed light.
19. The terahertz wave generating device according to

claim 18, further comprising

a substrate,

the light source and the photoconductive antenna being
formed on the substrate as an integrated unit with the
substrate.

20. A camera comprising:

the photoconductive antenna according to claim 1;

a light source configured and arranged to generate the
pulsed light; and

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and reflected by an object.

21. An 1maging device comprising:

the photoconductive antenna according to claim 1;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

an 1mage forming unit configured and arranged to generate
an 1mage ol the object based on detection results of the
terahertz wave detecting unit.

22. The imaging device according to claim 21, wherein

the 1mage forming unit 1s configured and arranged to gen-
erate the 1mage of the object using intensity of the tera-
hertz waves detected by the terahertz wave detecting
unit.

23. A measuring device comprising:

the photoconductive antenna according to claim 1;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

a measuring unit configured and arranged to measure the
object based on detection results of the terahertz wave
detecting unat.

24. The measuring device according to claim 23, wherein

the measuring unit 1s configured and arranged to measure
the object using intensity of the terahertz waves detected
by the terahertz wave detecting unit.

25. A photoconductive antenna adapted to generate tera-

hertz waves when irradiated by pulsed light, the photocon-
ductive antenna comprising:

a first conductive layer made of a semiconductor material
containing a first conductive type impurity;

a second conductive layer made of a semiconductor mate-
rial containing a second conductive type impurity dif-
ferent from the first conductive type impurity;
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a semiconductor layer positioned between the first conduc-
tive layer and the second conductive layer, and made of
a semiconductor material having a carrier density thatis
lower than a carrier density of the semiconductor mate-
rial of the first conductive layer or a carrier density of the
semiconductor material of the second conductive layer;

a first electrode electrically connected to the first conduc-
tive layer; and

a second electrode electrically connected to the second
conductive layer,

the semiconductor layer including an incidence surface
through which the pulsed light enters the semiconductor
layer, and an emission surface from which the terahertz
waves are emitted, the incidence surface being posi-
tioned 1n a side surface of the semiconductor layer hav-
ing a normal direction extending orthogonal to a lami-
nation direction of the first conductive layer, the
semiconductor layer, and the second conductive layer,
and the emission surface being positioned 1n the side
surface of the semiconductor layer at a position different
from the 1incidence surface, wherein

a width of a part of the semiconductor layer as viewed
along the lamination direction increases 1n a direction
from the incidence surface toward the emission surface,
the width being defined 1n a direction orthogonal to the
direction from the incidence surface toward the emission
surface.

26. A terahertz wave generating device comprising:

the photoconductive antenna according to claim 25; and

a light source configured and arranged to generate the
pulsed light.

27. A camera comprising;:

the photoconductive antenna according to claim 25;

a light source configured and arranged to generate the

pulsed light; and
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a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and retlected by an object.

28. An 1maging device comprising:

the photoconductive antenna according to claim 25;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

an 1mage forming unit configured and arranged to generate
an 1mage ol the object based on detection results of the
terahertz wave detecting unit.

29. The imaging device according to claim 28, wherein

the 1mage forming unit 1s configured and arranged to gen-
crate the image of the object using intensity of the tera-
hertz waves detected by the terahertz wave detecting
unit.

30. A measuring device comprising:

the photoconductive antenna according to claim 235;

a light source configured and arranged to generate the
pulsed light;

a terahertz wave detecting unit configured and arranged to
detect the terahertz waves emitted from the photocon-
ductive antenna and transmitted through an object or
reflected by the object; and

a measuring unit configured and arranged to measure the
object based on detection results of the terahertz wave
detecting unit.

31. The measuring device according to claim 30, wherein

the measuring unit 1s configured and arranged to measure
the object using intensity of the terahertz waves detected
by the terahertz wave detecting unit.
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